The recent emergence of a wide variety of two-dimensional (2D) materials has created new opportunities for device concepts and applications. In particular, the availability of semiconducting transition metal dichalcogenides, in addition to semi-metallic graphene and insulating boron nitride, has enabled the fabrication of 'all 2D' van der Waals heterostructure devices. Furthermore, the concept of van der Waals heterostructures has the potential to be significantly broadened beyond layered solids. For example, molecular and polymeric organic solids, whose surface atoms possess saturated bonds, are also known to interact via van der Waals forces and thus offer an alternative for scalable integration with 2D materials. Here, we demonstrate the integration of an organic small molecule p-type semiconductor, pentacene, with a 2D n-type semiconductor, MoS2.
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TEXT: The isolation of layered materials as passivated, dangling bond-free monolayers presents a unique platform for integration in previously unexplored device structures. 1, 2 For instance, semimetallic graphene, insulating boron nitride, and semiconducting MoS2 have been stacked together to yield atomically thin memory devices, photodetectors, and field-effect transistors. [3] [4] [5] [6] This principle has also been exploited to fabricate heterojunctions between conventional silicon and 2D materials [7] [8] [9] as well as carbon nanotubes with 2D materials 10 and amorphous oxide semiconductors. 11 Similarly, organic molecular and polymer semiconductors are free of dangling bonds and native surface oxides, which suggests new opportunities for van der Waals heterostructures. Despite this potential, the integration of organic semiconductors with 2D materials has thus far been limited primarily to templating ordered film growth to improve the performance of the channel or contacts in conventional field-effect transistor (FET) geometries. [12] [13] [14] [15] [16] Due to their relatively large light capture cross-sections, organic semiconductors also hold promise for enhancing the performance of photovoltaics based on 2D materials. Although some preliminary studies have appeared in this regard, 17, 18 a clear understanding of charge transport across the interface between organic and 2D semiconductors is lacking.
In an effort to better understand and exploit the potential of van der Waals heterostructures between organic and 2D semiconductors, we explore here the electronic and optoelectronic response in p-n heterojunctions based on pentacene and MoS2. The operating principles and band profiles of this system are characterized by direct charge transport measurements, scanning photocurrent microscopy, electrostatic force microscopy, and finite element modeling. This comprehensive experimental and computational study reveals that pentacene forms a type-II heterojunction with MoS 2 , which yields asymmetric anti-ambipolar transfer curves when operated as a three-terminal, gate-tunable diode. Furthermore, these p-n heterojunctions possess a clear photovoltaic response upon optical irradiation, which suggests that MoS2 can function as an acceptor in hybrid solar cells.
Devices were fabricated from mechanically exfoliated MoS2 flakes. Electron beam lithography was used to define the electrodes and junction area. A pentacene film was then deposited via thermal evaporation. We have fabricated > 10 devices in total and all of them show qualitatively similar behavior. Results from two representative devices (2L MoS2/40nm pentacene) are shown in the figures. The resulting four-electrode test structure consists of a MoS2
FET, pentacene/MoS2 heterojunction, and a pentacene FET in series (representative device in Fig.   1a , from left to right). The heterojunction region lies within the rectangular opening in the PMMA film (Fig. 1b) , which defines a partially overlapping region of a MoS2 flake and the pentacene film ( Fig. 1a-b ). This geometry of partially overlapping semiconductors allows direct and separate probing of the contact and heterojunction interfaces with scanning probe techniques while simultaneously applying a gate voltage, which is not possible in a truly vertical device geometry.
In atomic force microscopy (AFM) topography imaging (Fig. 1c) 20, 21 , respectively, and optical band gaps ≥ 1.9 eV, the band alignment at the pentacene/MoS2 heterojunction is expected to be type II as shown in Fig. 1d .
The type II alignment results in a built-in potential and rectifying ID-VD characteristics. 2D-2D MoS2-WSe2 22, 23 and 1D-3D CNT-IGZO 11 p-n heterojunctions. In contrast to these earlier devices in which the transfer characteristics are symmetric, the pentacene/MoS2 heterojunction transfer characteristics are asymmetric with different slopes (i.e., transconductances) on either side of the ID peak (see Supporting Information Section S2 for more details). Asymmetry in the antiambipolar transfer characteristic presents potential advantages in emerging circuit applications 11 and could be harnessed to achieve simultaneous phase 11 and amplitude 24 shift keying for wireless telecommunication technologies.
To identify the origin of the observed transconductance asymmetry, finite element simulations were performed (using Sentaurus TCAD) that numerically solve the Poisson and continuity equations governing free carrier transport. Where available, materials parameters were taken from the literature. 20, 21 The remaining parameters (e.g., mobility and trap concentrations) used in the heterojunction device model (Fig. 2d) were informed by first modeling the unipolar FETs (Fig. 2c ) on either side of the p-n heterojunction (see Supporting Information Section S4, Table S1 , S2 for more details). Our model assumes the pentacene material assembled on MoS2 has the same material parameters (e.g., doping, mobility, etc.) as that assembled on SiO2, although minor changes in substrate roughness and type can influence the molecular assembly of the overlying pentacene. 16, 25, 26 We find that increasing (decreasing) the ratio of the MoS 2 to pentacene mobility ( Fig. 2e ) or channel length ( short circuit current -ISC ~ 3 nA. We observe that ISC steadily increases with decreasing gate bias while the VOC remains nearly constant as a function of VG (Fig. 3b-c) . The relative insensitivity of VOC to VG has been observed previously in MoS2-WSe2 junctions 22 and is attributed to the shared gate causing minimal net separation between the Fermi levels on either side of the heterojunction.
The spectral response of I SC exhibits a peak between excitation wavelengths of 600 nm and 650 nm ( Fig. 3d) , which is consistent with the optical absorption profile of pentacene. Since both pentacene (see absorption spectrum in Supporting Information Section S1) and MoS2 absorb in the same range and have similar absorption coefficients, 27 , 28 the thicker pentacene layer is estimated to absorb at least 20 times more light than MoS2 in these devices. The power conversion efficiencies are rather low (~0.004% at 625 nm) as a result of the suboptimal photocurrent collection efficiency of the lateral device geometry. The fact that the photocurrent maximum traces the MoS2 flake boundary in Fig. 4b indicates that the photovoltage measured in Fig. 3 arises from the pentacene/MoS2 junction and not from builtin fields at the Schottky contacts. In addition, the photocurrent originating from the metalpentacene junction, which becomes significant at positive drain biases ( Fig. 4c) , is of the opposite sign and therefore counteracts the photocurrent from the junction. Therefore, the Voc measured in Furthermore, the SPCM results reveal that ISC from pentacene/MoS2 heterojunctions could also be substantially improved by modifying the geometry to increase the carrier collection efficiency. While carriers generated near the edge of the MoS2 flake are collected in the current device geometry, there is minimal photocurrent signal generated by the rest of the overlapped pentacene/MoS2 heterojunction area for two reasons. First, excess carriers generated far from the edge of the pentacene/MoS 2 heterojunction area only experience a vertical electric field, and must diffuse towards the contacts, while carriers generated at the edge of the flake experience a lateral electric field that can drive them towards the contacts. Second, carriers generated in the overlapped pentacene/MoS2 region likely have a much lower minority carrier diffusion length, LD = (µ·τ·kBT) 0.5 where µ is the carrier mobility, τ is the carrier lifetime, kB is the Boltzmann constant, and T is the temperature. As pointed out earlier in Fig. 1d , the grain size of the pentacene is smaller on MoS2 than on the surrounding SiO2, which increases charge carrier scattering and trapping, resulting in lower values for µ and τ. [29] [30] [31] A small LD combined with a lateral geometry for charge collection thus minimizes the collection of charge carriers from the overlapped region. Consistent with organic photovoltaics, these results suggest that a vertical bulk heterojunction geometry would allow for improved pentacene/MoS2 photovoltaic device metrics.
While photocurrent is not observed throughout the overlapped pentacene/MoS2 region, the above discussion and modeling indicates that a vertical built-in field is still present. To confirm the existence of this vertical electric field, we performed surface potential measurements using electrostatic force microscopy (EFM). EFM records both the sample topography and the phase shift of the cantilever vibration resulting from electrostatic force gradients ( Fig. 5a,b 2 , where Vtip is the tip bias and Vsample is the sample surface potential, which varies with electrode biasing conditions. Under a large reverse bias (Fig 5c) , there is a sharp potential drop at the end of the MoS2 flake, and the surface potential is flat in other parts of the device channel, in agreement with the corresponding simulated band profile in Fig. 5d . At large forward bias (Fig. 5e) , the junction is no longer the most resistive part of the circuit. Rather, the pentacene on SiO2 acts as a current-limiting series resistor, resulting in a gradual drop in potential across the pentacene channel, again corroborated by the corresponding simulated profile (Fig. 5f ). The above surface potential profiles reveal that the underlying MoS 2 depletes the entire 2D junction area under reverse bias. While lateral charge transport is required in these devices based on the position of the electrodes, EFM provides direct evidence of band bending in the vertical direction over the entire overlapped pentacene/MoS2 junction region, which could be exploited for carrier separation in vertically oriented photovoltaics.
In conclusion, we have fabricated and characterized an organic/2D semiconductor van der Device fabrication and electrical measurements. Devices were fabricated using standard electron beam lithography (EBL) and thermal metal evaporation. In the second step of lithography, a window was opened atop the junction area using EBL, and a shadow mask (1 mm x 1 mm square) was used to limit the evaporated pentacene area. All electrical measurements were performed under high vacuum (P < 5 x 10 -5 Torr) in a Lake Shore CRX 4K probe station using Keithley 2400 source meters and custom LabView programs (see Supporting Information Sections S1 and S2 for more details).
Simulations. Sentaurus TCAD was used to model 2D devices by numerically solving the steadystate Poisson and continuity equations that govern free carrier transport using the finite element method. When available, the materials parameters in the simulations were taken from the literature.
Other parameters were constrained by experimental measurements on uniform control FETs.
Transport through the semiconductor junction was modeled by thermionic emission, and the contacts were modeled as Schottky barriers. Further simulation details can found in Supporting Information Section S4.
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S1. Material synthesis, deposition, fabrication and characterization
MoS2 crystals were purchased from SPI Supplies and mechanically exfoliated using Scotch tape on thermally oxidized 300 nm SiO2/Si wafers. The Si wafers (Si orientation <100>) were purchased from Silicon Quest International. The wafers were doped degenerately n-type with As (resistivity = 0.001-0.005 Ω-cm). The MoS2 flakes were exfoliated on the wafers after solvent cleaning and sonication in acetone and isopropanol (IPA). Raman spectra were acquired using a confocal Raman microscope (Horiba Xplora Plus) using a 532 nm excitation line and a 1800 lines/mm grating with a 100x objective and an acquisition time of 30 sec. Fig. S1 shows Raman spectra of representative monolayer and bilayer flakes. Following contact metal deposition, a second step of lithography was performed to open a window in the PMMA for deposition of pentacene. This window also exposed part of the MoS2 flake for the pentacene/MoS2 heterojunction. A shadow mask (1 mm x 1 mm) was placed such that the PMMA window lies inside the mask but the metal pads for probing are outside the mask. 
S2. Electrical and photocurrent measurements
All electrical measurements were performed under high vacuum (P < 5 x 10 -5 Torr) in a Lake Shore CRX 4K probe station. Output and transfer characteristics were measured using
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Keithley 2400 source meters and custom LabView programs. The gate voltage was swept at 10 V/sec in steps of 1 V in the transfer plots. The asymmetry in transconductances observed in the anti-ambipolar transfer characteristics of the junction are quantified by taking the ratio of the transconductance on either side of the peak. This ratio is ~2.1 in the device shown in Fig. 2 . We observe device-to-device variations in this ratio which ranges from 1.2 to 2.4. Experimentally, these variations arise due to differences in size and electrical properties (e.g., mobility) of exfoliated MoS2 flakes.
The photovoltaic (PV) measurements were performed by wire bonding the device inside an optical cryostat with a transparent window. The cryostat was pumped down using a roughing pump. A CW laser was used for illumination at 532 nm, while a tunable coherent white light source (NKT Photonics) was used for other wavelengths.
The scanning photocurrent measurements were performed using a scanning confocal microscope (WiTec) in air. The tunable coherent white light source (NKT Photonics) was used to generate the spatially and spectrally resolved photocurrent. The photocurrent is converted into a voltage by a current preamplifier and recorded by a lock-in amplifier (for imaging). The reflected light is also recorded simultaneously to correlate the spatial photocurrent map with the device geometry.
S3. Surface potential and topography measurements
AFM topography and electrostatic force microscopy (EFM) were performed using an Asylum Cypher S system. The topography images were taken with tapping mode in the repulsive regime. For EFM characterization, Pt-Ir coated conductive AFM tips with resonance frequencies of ~75 kHz were used. During EFM measurements, the cantilever amplitude was ~30 nm when acquiring the topographic profile of the sample and ~3 nm when acquiring the electrostatic force
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profile. When acquiring the electrostatic force profile, the cantilever was maintained 50 nm above the sample surface using the topographic profile obtained in tapping mode.
S4. Finite element simulations
Sentaurus TCAD was used to model MoS2 devices by solving the following steady-state coupled differential equations in two dimensions: The simulated geometry is shown in Fig. 4d of the manuscript where the 1.4 nm thick MoS2 channel, the pentacene/MoS2 overlap region, and the 40 nm thick pentacene channel were each 1.3 um long and on a 300 nm SiO 2 layer on the conductive substrate, which serves as the back gate.
When available, the materials parameters used in the simulations were taken from the literature. Materials parameters for MoS2 and pentacene were identified such that the simulated transfer curves reproduced those measured in Fig. 2b for individual FETs devices, and the corresponding material properties are listed in Table S1 . Only the mobility multiplier (μ0 and NI) and the trap concentrations in MoS2 and pentacene were used as fitting parameters for Figure 2c . Since the MoS2 FET was measured at VD = 0.5 V while the junction was measured under the high bias of VD = 10 V, we account for the fact that the electron mobility in ultrathin MoS2 depends on applied lateral electric fields [7] [8] [9] by decreasing the MoS2 mobility multiplier used for the junction device simulations. Only the pentacene mobility multiplier (μ0) and the trap concentrations in MoS2 and pentacene were used as fitting parameters for the anti-ambipolar transfer characteristic in Figure   2d , and the corresponding material properties are listed in Table S2 . The nominal variations in mobility and trap concentrations between Table S1 and S2 are expected since the dielectric environment experienced by both semiconductors in the overlapped region of the junction device (where the two materials are in intimate contact) is different compared to control FETs where they are isolated. For example, the pentacene material grown on MoS2 has smaller grain boundaries, which leads to additional grain boundary scattering and trapping, and device-to-device variations. Table S1 . Material constants used in the simulations of control FETs in Figure 2c . Traps 0.2eV below conduction band 6e18 cm -3 Traps 0.3eV below conduction band 6e18 cm -3 Ti contact affinity 4.3 eV Au contact affinity 4.9 Table S2 . Material constants used in the simulations of junctions in Figure 2d -e, Figure 4e -g and Figure 5d ,f. Traps 0.4eV below valence band 25e16 cm
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